Two-stage solid-state fermentation strategy was exploited and systematically optimized to enhance Bacillus subtilis growth and sporulation for increasing effective cell number in B. subtilis microbial ecological agents. The first stage focused on improving cell growth followed by the second stage aiming to enhance both cell growth and sporulation. The optimal fermentation condition was that temperature changed from 37 • C to 47 • C at a fermentation time of 48 h and Mn 2+ content in medium was 4.9 mg MnSO 4 /g dry medium. Solid medium properties were improved by the optimal two-stage fermentation. HPLC results demonstrated that glucose utilization was facilitated and low-field nuclear magnetic resonance (LF-NMR) results showed that more active sites in medium for microbial cells were generated during the optimal two-stage fermentation. Moreover, microbial growth and sporulation were enhanced simultaneously during the second stage of fermentation through delaying microbial decline phase and increasing sporulation rate. As a result, effective cell number of B. subtilis reached 1.79 × 10 10 /g dry medium after fermentation for 72 h, which was 29.7% and 8.48% higher than that of conventional fermentation for 72 h and 48 h, respectively. Therefore, the optimal two-stage fermentation could increase the effective cell number of B. subtilis microbial ecological agents efficiently.
Introduction
Microbial ecological agents are environmental friendly alternatives to antibiotics, which can be utilized as feed additives for preventing disease and promoting growth of animals [1] . Bacillus subtilis can generate spores, which have strong resistance to environmental stress including heat in drying process, mechanical force in granulation process, and acid in digestive tract. Therefore, B. subtilis is one of the preferred strains during microbial ecological agents' preparation. Effective cell number involving spore number and viable cell number is the key measurement to evaluate the quality of B. subtilis microbial ecological agents [2, 3] . Because the optimal conditions are different between microbial growth and sporulation, a two-stage fermentation has been considered as an effective strategy to promote both cell growth and spore formation. The first stage aimed at improving the cell growth followed by the second stage which was under the optimal conditions for sporulation. Sen and Babu employed the response surface methodology to optimize the operation parameters including pH,
Materials and Methods

Microorganism and Medium
B. subtilis CICC 10732 was provided by China Center of Industrial Culture Collection. The strain was stored in LB medium slant at 4 • C. To prepare the inoculum, B. subtilis CICC 10732 was pre-cultivated in 100 mL liquid medium containing 4% (w/v) glucose, 1% (w/v) peptone, 1% (w/v) yeast extract, 1% (w/v) CaCO 3 , and 0.05% (w/v) MgSO 4 at 37 • C and vortexed at 150 rpm for 24 h.
Solid medium consisted of 30 g wheat bran, 3.0 g soybean meal, 0.75 g glucose, 1.5 g CaCO 3 , 30 mL of 2.5% (w/v) KH 2 PO 4 , and 1.25% (w/v) (NH 4 ) 2 SO 4 inorganic salt solution and 9.6 mL of deionized water. Chemicals were purchased from Sangon Biotech (Shanghai) Co., Ltd. The medium was put into Processes 2019, 7, 644 3 of 13 250 mL Erlenmeyer flasks and sterilized at 121 • C for 20 min. After sterilization, the medium was cooled at room temperature and inoculated by adding 12 mL of seed solution for fermentation for 72 h.
Two-Stage Solid-State Fermentation Strategy and Orthogonal Experimental Design
Two-stage fermentation strategy was used to enhance both cell growth and spore formation of B. subtilis. The first stage aimed at improving cell growth, during which the cultivating temperature was set to 37 • C. Then the temperature was changed in order to promote sporulation, which illustrated that the fermentation process entered into the second stage. The time when temperature changed was defined as the turning point time in two-stage fermentation. Because Mn 2+ content was considered as the influencing factor on B. subtilis sporulation under certain conditions [17] , it was chosen as a parameter to be investigated. In addition, turning point time and temperature in second stage were selected as the experimental factors to be investigated and optimized. The three influencing factors were denoted by the characters of A, B, and C, respectively ( Table 1 ). Each factor had three levels indexed from 1 to 3. The three levels of different factors were chosen for the experiments. Orthogonal test of L9 (3 4 ) was introduced and experiments design was shown in Table 1 . All these experiments were conducted with two replicates. Range analysis was utilized for the results analysis of orthogonal experiment. K i and k i represent the impact of level i of each factor on the effective cell number. The higher the K i and k i are, the higher effective cell number is. k max is the maximum among three k i values of each factor and k min is the minimum. R represents the range, and the factor that has higher R value suggests a stronger impact on the effective cell number. In this sense, according to the value of R, the influence order of factors could be judged [18] . Meanwhile, analysis of variance (ANOVA) of the experimental results was conducted.
Measurement of Spore and Viable Cell Number
Sporulation rate and viable cell number were determined to evaluate the fermentation performance. A total of 3.10 g of solid medium was sampled and mixed with 50 mL of sterile water in 250-mL Erlenmeyer flasks. The Erlenmeyer flasks were shaken at 150 rpm for 30 min at 37 • C. The mixture was defined as M. For spore number determination, 5 mL of the mixture M was sampled into a sterile test tube, which was placed in a water bath at 80 • C for 15 min to make the vegetative cells death. Total of 100 µL of the mixture was serially diluted with sterile water down to 10 7 . While for the determination of viable cell number, 100 µL of the mixture M was serially diluted with sterile water down to 10 7 . The spore and viable cell number were determined by spread plate method in duplicate on LB plates. After 36 h of incubation at 37 • C, the numbers of colonies were determined and thus the spore and viable cell numbers were obtained. Sporulation rate was calculated as following, Sporulation rate = Spore number Viable cell number
Because of the high resistance of spores and low resistance of vegetative cells, effective cell number of B. subtilis microbial ecological agents was defined as following:
Effective cell number = Spore number + 0.1 × (Viable cell number − Spore number)
(2)
Glucose and Guanosine Triphosphate (GTP) Contents Changes in Medium
For glucose content determination, 4.0 mL of the mixture M in Section 2.3 was centrifuged at 8000 rpm for 10 min at room temperature. Glucose content in the supernatant was analyzed by high-performance liquid chromatography (HPLC; Agilent 1260) equipped with a refractive index detector. A total of 20 µL samples were loaded on an Aminex HPX-87H column (6.5 × 250 mm), eluted with 0.5 mM H 2 SO 4 solution at a flow rate of 0.3 mL/min, and operated at 55 • C. The glucose content was expressed as g/g dry medium (DM).
For GTP content determination, 1.0 g of solid medium was sampled and mixed with 5.0 mL of extractant (methanol/acetonitrile/water, 40:40:20, by vol.) in 50 mL centrifuge tube. The mixture was frozen and thawed in liquid nitrogen and ice respectively for three times after shaking. Then the sample was centrifuged at 10,000 rpm for 10 min at 4 • C. The supernatant was collected and analyzed by HPLC. Chromatographic conditions were as follows: 10 µL samples were loaded on a C18 reversed phase column (4.6 × 150 mm, 5 µm). The mobile phase was A (buffer solution of 20 mM KH 2 PO 4 including 0.2 g/mL TBAH and 5 g/mL acetonitrile, pH 6.5): B (acetonitrile) with linear gradient elution (1-5 min, A:B = 95:5; 5-25 min, A:B = 65:35; 25-26 min, A:B = 95:5) and the flow rate was 1.0 mL/min. The ultraviolet detector wavelength was set to 254 nm [19] . GTP content was expressed as g/g DM.
Low-Field Nuclear Magnetic Resonance (LF-NMR) Measurements
Water states and dynamics in solid medium were detected by LF-NMR on a MesoMR23-060H-I Analyst Analyzing & Imaging system (Niumag Co., Ltd., Shanghai, China). Total of 2.60 g of solid medium samples were obtained from the central part of the substrates and placed into 25 mm NMR glass tubes. The tubes were then inserted into the NMR probe. T 2 relaxation times were measured using Carr-Purcell-Meiboom-Gill (CPMG) sequence with a τ-value of 100 µs (time between 90 and 180 pulse). A total of 3000 echoes were collected as 16 scan repetitions, and the repetition time between two successive scans was 2.5 s. The relaxation times measurements were performed at 32 • C. Data analysis was performed with the NMR Analyzing System Ver 1.0 (Niumag Co., Ltd., Shanghai, China). Relaxation time T 2i and its corresponding water proportion M 2i were presented.
In addition, water content of solid medium was measured by oven-drying method at 105 • C.
Statistical Analysis
Pearson correlation analysis was conducted using IBM SPSS version 22.0 to study the correlation between LF-NMR data and fermentation performance. Pearson correlation coefficient r describes the linear correlative degree of the two variables, and its value ranges from −1 to +1. If r > 0, it shows that the two variables are positively correlated, that is, one variable's value increases as the other variable's value increases. While if r < 0, it indicates that the two variables are negatively correlated. The larger the absolute value of r is, the stronger the correlation becomes [20] . 
Results and Discussion
Two-Stage Fermentation Optimization for Improving Effective Cell Number
Effective cell number is the key measurement to evaluate the quality of microbial ecological agents. Effects of two-stage fermentation strategy on effective cell number of B. subtilis were systematically investigated. Because of the different operating conditions, Table 1 shows that there were obvious differences among the effective cell number results from the different orthogonal tests. The highest effective cell number was 17.9 × 10 9 /g DM of treatment 9 while the lowest effective cell number was 2.88 × 10 9 /g DM of treatment 7. Based on the magnitude order of R value, the order of influencing factors on effective cell number was temperature in second stage > turning point time > Mn 2+ content. To further investigate the effects of the factors, analysis of variance (ANOVA) was utilized for results analysis. Table 2 shows that significance of factors increased with the order of C < B < A, which indicated that the influence of factors decreased as the order C > B > A. The result was consistent with the range analysis in Table 1 . Therefore, temperature in second stage and turning point time have more obvious impact on the effective cell number than Mn 2+ content. Effects of temperature in second stage and turning point time on effective cell number and sporulation rate were further analyzed. As shown in Figure 1 , effective cell number increased as the turning point time increased from 24 h to 48 h when temperature in second stage was either 47 • C or 57 • C. The results implied that when fermentation stage was switched early, large quantity of microbial cells were killed under high temperature at the second stage. In addition, effective cell number decreased when temperature in second stage increased from 47 • C to 57 • C, which indicated that the higher strength heat could destroy more microbial cells. On the other hand, sporulation rate decreased when the turning point time increased. It implied that the earlier stage switch made microbial cells suffered from high temperature for a longer time, which facilitated the sporulation. Overall, in terms of the k max value of each column in Table 1 , the optimal factors combination is A 3 B 3 C 2 , which was the same as the conditions of treatment 9. As a result, when Mn 2+ content was 4.9 mg MnSO 4 /g DM, turning point time was 48 h and temperature in second stage was 48 • C, and the effective cell number reached the maximum value of 17.9 × 10 9 /g DM. 
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Physical and Chemical Properties of Medium Changes during Two-Stage Fermentation Processes
Glucose Content Changes during Two-Stage Fermentation Processes
Glucose content in medium is an important indicator of microbial metabolism. Figure 2 shows that glucose content decreased after thermal sterilization at 121 • C for 20 min. It can be interpreted as the heat processing had an adverse effect on the nutrients and thermal degradation of glucose [8, 21] . Glucose content of all treatments in Figure 2 decreased obviously during the first 24 h of fermentation, indicating that microorganisms grew rapidly and thus large amounts of glucose were consumed. During the fermentation time of 24-48 h, glucose content of treatment 8 and 9 continued to decline rapidly, indicating that microorganisms still grew and metabolized vigorously at this stage. While glucose content of treatment 4 and 7 at 48 h were significantly higher than that of treatment 8 and 9, which may be due to the temperature increase at 24 h in treatment 4 and 7 caused the death of microorganisms and thus reduced the glucose consumption. While during the fermentation time of 48-72 h, glucose content of treatment 7, 8, and 9 increased slightly. This phenomenon can be interpreted as that B. subtilis could generate polysaccharide-degrading enzymes during fermentation process. B. subtilis is very well recognized as an amylase producer at industrial level. Besides, it has also been reported that B. subtilis could generate cellulase during fermentation processes [22, 23] . While glucose content of treatment 4 decreased during the fermentation time of 48-72 h, implying that glucose consumption was stronger than glucose production. Overall, the glucose utilization was facilitated when temperature changed into 47 • C at 48 h of treatment 9 than temperature changed into 47 • C or 57 • C at 24 h. The improvement of glucose utilization could contribute to microbial growth and biomass accumulation of B. subtilis.
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Water States and Microstructure of Medium Changes During Two-Stage Fermentation Processes
Water states are significantly related to the substrate microstructure, which can be determined by LF-NMR rapidly [24] . In order to elucidate the microstructure changes of solid medium during the two-stage fermentation, water dynamics, and proton relaxation times T2 development of treatment 9 were investigated. Figure 3 shows that three proton fractions were found in mediums. T2b was the fastest fraction with a relaxation time of approximately 0.21 ms, which was ascribed to the bound water associated with hydrophilic groups, such as carboxyl, hydroxyl, and sulfydryl [12, 25] . The intermediate component T21 accounting for the major part was attributed to the water in pores of 
Water states are significantly related to the substrate microstructure, which can be determined by LF-NMR rapidly [24] . In order to elucidate the microstructure changes of solid medium during the two-stage fermentation, water dynamics, and proton relaxation times T 2 development of treatment 9 were investigated. Figure 3 shows that three proton fractions were found in mediums. T 2b was the fastest fraction with a relaxation time of approximately 0.21 ms, which was ascribed to the bound water associated with hydrophilic groups, such as carboxyl, hydroxyl, and sulfydryl [12, 25] . The intermediate component T 21 accounting for the major part was attributed to the water in pores of the medium Processes 2019, 7, 644 7 of 13 microstructure, which can be defined as capillary water. The slowest fraction T 22 was assigned to water in the cavities of the three-dimensional network of medium, which is defined as lumen water. Felby et al. [12] applied LF-NMR to investigate the cellulose-water interactions during the enzymatic hydrolysis process. Structural changes of cellulose fiber during enzymatic hydrolysis were elucidated by the state and location of water. According to the structural changes of substrate, the synergistic mechanism of endo-and exo-glucanase on lignocelluloses was revealed. Han et al. [11] used LF-NMR to study the water mobility and microstructure changes during heat-induced gelation process of pork myofibrillar proteins. Obvious differences in microstructure depending on the temperature were observed. The LF-NMR data was significantly related to the microstructure characteristics and helped to elucidate the structural changes of pork myofibrillar proteins. All these results suggested that the state and location of water matched well with the structure characteristics of solid matrix. It was noted from Figure 3 that T 21 increased and T 22 decreased during the first 24 h of fermentation of treatment 9. Because of the microbial utilization of medium, microbial cells enlarged pores at the early stage of fermentation and the broken medium granules filled in the cavities, leading to the more mobile capillary water (T 21 increase) and more constrained lumen water (T 22 decrease). As the fermentation continued from 24 h to 72 h, both T 21 and T 22 decreased. Liu and Chen investigated the effects of chemicals on water pool distributions in corn stover. It was reported that T 22 relaxation time increased with the glucose concentration decrease because of that the removal of glucose reduced water constraint in substrates. However, compared with glucose concentration, the porosity of macro granule had more significant influence on water constraint [26] . Therefore, although the glucose concentration of treatment 9 shows decreasing trend during the fermentation process, activities of microbial cells resulted in the collapse of medium structure, especially at the late stage of fermentation [27, 28] . Thus, the volume of pores and cavities shrunk, leading to the decrease of T 21 and T 22 during the fermentation time from 24 h to 72 h. Therefore, the development of relaxation times T 2 could effectively reflect the structural changes of solid medium during fermentation process.
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Relationship between GTP Content/Viable Cell Number with Sporulation Rate
GTP content is an effective parameter reflecting cellular nutrient and energy levels, which could influence sporulation process significantly [29, 30] . Piggot and Hilbert reported that when lack of nutrition occurred, GTP content decreased and then induced the sporulation process [31] . In the present study, relationship between GTP content/viable cell number with sporulation rate was systematically studied to explore how the changes of fermentation condition influenced sporulation. Figure 5 shows that the values of GTP content/viable cell number of treatment 4 and 7 increased during the fermentation processes, and the value of treatment 7 was higher than that of treatment 4 at the same fermentation time. This can be interpreted as that the temperature increase at 24 h of treatment 4 and 7 reduced the quantity of microbial cells, which left abundant nutrients in the Table 1 . Table 3 . Pearson correlation analysis between capillary water proportion and fermentation performance parameters.
Variables Relationship Correlation Coefficient, r Significance
Capillary water proportion vs. effective cell number 0.674 * * Capillary water proportion vs. viable cell number 0.694 * * Capillary water proportion vs. spore number 0.665 * * * * Correlation is significant at the 0.01 level (2-tailed).
Relationship between GTP Content/Viable Cell Number with Sporulation Rate
GTP content is an effective parameter reflecting cellular nutrient and energy levels, which could influence sporulation process significantly [29, 30] . Piggot and Hilbert reported that when lack of nutrition occurred, GTP content decreased and then induced the sporulation process [31] . In the present study, relationship between GTP content/viable cell number with sporulation rate was systematically studied to explore how the changes of fermentation condition influenced sporulation. Figure 5 shows that the values of GTP content/viable cell number of treatment 4 and 7 increased during the fermentation processes, and the value of treatment 7 was higher than that of treatment 4 at the same fermentation time. This can be interpreted as that the temperature increase at 24 h of treatment 4 and 7 reduced the quantity of microbial cells, which left abundant nutrients in the medium. And the more microbial cells reduced, the more nutrients remained. While the values of GTP content/viable cell number of treatment Processes 2019, 7, 644 9 of 13 8 and 9 decreased during the fermentation time of 24-48 h, which may be due to that microbial cells grew rapidly at this stage in treatment 8 and 9 and consumed large amounts of nutrients. At 72 h, GTP content/viable cell number of treatment 8 increased by 3.55 times than that at 48 h, while the value of treatment 9 increased by 93.2% than that at 48 h. The higher value of GTP content/viable cell number of treatment 8 than treatment 9 may be due to that the microbial growth decline phase began and cell number decreased in treatment 8. While the temperature increase at 48 h in treatment 9 may stimulate cells growth and delayed the decline phase. As for sporulation rate, Figure 6b shows that it increased as the fermentation began at 72 h for all treatment 4, 7, 8 and 9. This phenomenon indicated that GTP content was not the only factor determining sporulation in the present study. Changes of fermentation conditions in different treatments could influence sporulation rate through other microbial metabolic pathways, which needs to be studied further.
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Fermentation Kinetics and Sporulation Process in Two-Stage Fermentation
In order to gain understanding of how two-stage strategy influenced the fermentation performance, fermentation kinetics and sporulation rate dynamics of different treatments were further investigated. Figure 6a shows that viable cell number of treatment 8 and 9 increased rapidly during fermentation from 24 h to 48 h, indicating that microorganisms grew and metabolized vigorously. After fermentation for 48 h, viable cell number of treatment 8 began to decline. It was reported that the optimum fermentation period for B. subtilis growth was 48 h by Fu et al. and Joshi et al. [32, 33] , which was in accordance with the results in the present study. Although viable cell number of treatment 9 remained relatively stable during fermentation time of 48-72 h, implying that the sudden increase of temperature at the late stage of fermentation could stimulate the microorganism growth and delay the decline phase. As for spore number, because of that the sporulation rate and viable cell number increased, spore number of treatment 8 and 9 increased from 24 h to 48 h. During the fermentation time of 48-72 h, sporulation rate of treatment 8 and 9 continued to increase while viable cell number of treatment 8 decreased, leading to the spore number decrease of treatment 8. Therefore, viable cell and spore number reached the maximum at 48 h for the conventional fermentation of treatment 8, of which the value was 2.38 × 10 10 /g DM and 1.57 × 10 10 /g DM, respectively. Under this condition, the effective cell number was 1.65 × 10 10 /g DM and the sporulation rate was 66.0%. While for treatment 9, viable cell number remained relatively stable and sporulation rate increased by 10.9% during the fermentation stage of 48-72 h, leading to the effective cell number reaching 1.79 × 10 10 /g DM at 72 h, which was 29.7% and 8.48% higher than that of treatment 8 at 72 h and 48 h, respectively. In addition, it was worth noting that sporulation rate of treatment 9 was 73.2% while the value was 81.7% of treatment 8 at the end of fermentation for 72 h. The temperature increase at 48 h of treatment 9 resulted in a lower sporulation rate than that of treatment 8, which confirmed that sudden increase of temperature at the late stage of fermentation could stimulate the microorganism growth. On the other hand, fermentation performance of treatment 7 and 4 showed that if the temperature increased at the early stage of 24 h, both the viable cell and spore number decreased significantly. For instance, viable cell and spore number of treatment 7 at 72 h were both 2.88 × 10 9 /g DM, which was accounting for 12.2% and 16.7% respectively of those of treatment 9. The results demonstrated that microorganism growth was inhibited if the temperature increased early because of the low stress resistance of microbial cells in the early Table 1 .
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Conclusions
An optimal two-stage SSF process was established to improve B. subtilis growth and sporulation effectively. Previous study emphasized on the enhancing effect of sporulation by the second stage in fermentation. However, our present study revealed that the temperature increase at the second stage effectively stimulated the microbial growth and delayed the decline phase, as well as improved the sporulation rate. As a result, effective cell number of B. subtilis reached 1.79 × 10 10 /g dry medium after fermentation for 72 h, which was 29.7% and 8.48% higher than that of conventional fermentation for 72 h and 48 h, respectively. This study presented an efficient way to increase the effective cell number of microbial ecological agents, which should facilitate the cleaner production of alternatives to antibiotics utilizing agro-industrial residues. 
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